The relationship between smoking parameters and odour characteristics, evaluated by a trained sensory panel, were studied on smoked herring. In addition, a possible correlation between the content of 10 phenolic compounds and sensory perceptions was investigated. Five smoking techniques were applied, combining smoke production conditions, performed by pyrolysis of beech wood sawdust or by friction of beech wood log, with smoke deposition, either in a controlled kiln (traditional smoking) or by an electrostatic process. In the fifth smoking technique, a purified condensate of beech smokes was vaporised on fish fillets in the smokehouse. The time of smoking was 3 h for traditional smoking and the liquid smoke atomisation process and 12 min for the electrostatic method. The effects of three smoking temperatures (16, 24, 32 °C) were tested for both the traditional and the liquid smoke atomisation processes, as well as the effect of the position of the exhaust valve in the smokehouse in the case of the traditional method. Two different voltages were applied for the electrostatic process, 37 and 42 kV. The results show a clear discrimination of the products since some odour characteristics are specifically related to the smoking process applied. All the studied parameters (smoke generation, deposition of smoked compounds, smoking temperature, exhaust valve opening in the smokehouse or voltage applied in the electrostatic tunnel) have an effect on the smell characteristics of smoke products, either on the odour intensity and/or on the kind of smoke note. Multiple linear models were tested to find relationships between sensory properties and phenolic compounds. Although some compounds seem to be mainly involved in the "cold ash" note, the results illustrate the difficulty of reaching clear conclusions about a correlation between smoke odour and only 10 phenolic compounds. It is suggested that a better model could be found if other volatile compounds, besides the phenolic class, are taken into account.
R e v i e w C o p y
5 number of volatile compounds identified in a smoke, more than 400, explains the difficulty of 78 relating sensory perception to specific molecules (Maga, 1987 ; Cardinal, Berdagué, Dinel, 79 . Recent studies performed on phenolic compounds (Guillard & 80 Grondin, 2003; Sérot, Baron, Knockaert & Vallet, 2004 ) have shown that their deposition 81 depends on the smoking conditions and research conducted so far has suggested that phenolic 82 compounds play a key role in smoke perception. However, the relationship between these 83 compounds and sensory perception is not well detailed in the literature, especially for fish 84 products, although some authors cited by Maga (1987) , such as Toth & Potthast (1984) , have 85 evaluated the effect of some pure molecules in solution on sensory properties. More recently, the 86 study of Ojeda, Barcenas, Pérez-Elortondo, Albisu & Guillen (2002) has shown the difficulty to 87 associate molecules to specific terms for the description of smoke flavourings. 88
This study aims to investigate the effects of smoking processes on the odour of smoked product 89 and to confirm the possible relation between phenolic compound content and sensory perception. 90
It forms part of the same investigation as that carried out by Sérot et al. (2004) . This previous 91 work clearly indicated that the process applied affects the content of phenolic compounds, so 92 knowledge about the effect of these compounds on sensory properties would allow the process to 93 be adapted according to the target product. 94
For practical and cost reasons, herring fillets were used. Two smoke generation techniques were 95 tested, one based on the pyrolysis of sawdust sustained by air circulation (autocombustion) and 96 the second producing smoke by friction of wood log. For each type of smoke generation, two 97 different ways of smoke deposition were compared; exposure of fillets in a closed air-98 conditioned smokehouse (the traditional process) and the electrostatic method where smoke is 99 accelerated towards fillets (Collignan, Knockaert, Raoult-Wack, & Vallet, 1992; Bardin, 100 Desportes, . The effects of these four techniques were compared to a 101 
Fish samples 106
Frozen fillets of herring (Clupea harengus) were purchased from the local fish market (Nantes, 107
France). On the day of processing, herring was thawed at +4°C for 6h, hand-salted with refined 108 salt for 20 min at 12°C before being rinsed on grids with water (15°C) and stored in a cold room 109 at 2°C for 14h until smoking. 110 For the liquid smoke atomisation process, a purified condensate of beech smoke associated with 130 aromatic additives (reference 1165) was purchased from Lutetia (France) and vaporised in the 131 smokehouse (Thirode) for 3 hours. All the smoking parameters are presented in Table 1.  132 Twenty-one different treatments were studied. 133
All the herring fillets were vacuum packed, frozen and stored for one month at -20°C until 134 analysis of phenolic compounds and sensory evaluation. 135 136
Sensory evaluation 137
A descriptive test with conventional profiling (Stone & Sidel, 1985) was performed on the odour 138 characteristics of smoked herring with twelve trained panellists belonging to the IFREMER staff. 139
This panel has many years of experience in the sensory evaluation of smoked fish. Before 140 starting the study, a session was organised in order to select sensory descriptors for the product 141 odour and to check the panellists' understanding of the descriptors. Table 2 gives the list of 142 odours and their description. An experimental design was constructed in order to balance the 143 characteristics and odour intensity of the products presented within a session. Five sessions were 144 organised to test all the products, four with a presentation of four products and one with five 145 products. 146
Sessions were performed in individual partitioned booths, as described in procedure NF V-09-147 105 (AFNOR, 1995) and equipped with a computerised system (Fizz, Biosystèmes, Couternon, 148 France). Panellists rated the sensory attributes on a continuous scale displayed on a computer 149 screen, from low intensity (0) to high intensity (10). 150
On the day of evaluation, 10 herring fillets from each process were thawed, cut into pieces, 151 mixed together to reduce individual variability in fillets and put into closed flasks. Products were 
Sensory characteristics 175
An analysis of variance was carried out with the effects of assessors and products on scores of 176 each odour attribute given by the 12 panellists. The main results are presented in Table 3 R e v i e w C o p y 9 according to a modified Flash table (Schlich, 1998) where descriptors are sorted in columns by 178 decreasing F value and products are sorted in rows by increasing mean for the first attribute of 179 the table. The grand mean and the standard deviation calculated for the 21 products are also 180 included in the table and allow a rapid analysis of attributes as main contributors to discriminate 181 samples. A (+) sign is added when the means score is higher than the grand mean plus one 182 standard deviation, a (-) sign when the means score is lower than the grand mean minus one 183 standard deviation. For easier reading, only the means corresponding to these criteria are given; 184 means close to the general mean are not presented in the table. The descriptors "cold ash", 185 "global intensity" and "fat fish" odours have the highest F values for product effect with a highly 186 significant p-value. This means that great differences exist between samples for these odours. 187
Two extreme groups of products are identified. The first one presents a very high global odour 188 intensity with a specific "cold ash" note. Samples smoked by the traditional process using an 189 autocombustion generator (AT) constitute this group. The second group, with extreme and 190 opposite characteristics, gathers samples processed with a friction generator, associated with an 191 electrostatic method of smoke deposition (FE). They have a low odour, mainly "fat fish" and 192 "brine" odours, even "rancid" for one of them. We can suppose that the low level of smoke notes 193 contributes to the perception of odours more related to fish characteristics. The results show that our smoking conditions lead to products with high smoke notes for all the 239 temperatures tested but a high temperature, like 32°C, during the smoking step allows potential 240 compounds with a higher molecular weight involved in the smoking effect to remain in the 241 vapour phase (Potthast 1977 (Potthast , 1978 Girard, 1988 ) and therefore to be deposited in higher 242
proportions. 243
Conclusions about the temperature effect with a friction smoke generator are quite similar, even 244 though the smoke perception is less intense than with autocombustion. There is an increase in 245 global smell intensity with temperature, with the two valve positions tested (Fig. 2) . The lower 246 level of smoking allows the modification of sensory characteristics related to temperature to be 247 followed with more accuracy without a saturation effect. 248
Smell characteristics of samples smoked by vaporisation of liquid smoke are also affected by 249 temperature. The mean score of "cold ash", given by the trained panel, increases with 250 temperature as well as the "earthy" note. At the same time, "vegetable" odour, a specific 251 characteristic of this kind of product, and "brine" odour decrease. Differences are mainly Thus, it could be suggested that not only the total content but also the type of phenolic 297 compounds deposited on the flesh is important. Perception thresholds are different from one 298 compound to another (Leffingwell & Leffingwell, 1991) and it is therefore obvious that odour 299 characteristics cannot be related only to the quantity of phenolic molecules. 300 it does allow identification of molecules that could have the most important impact on "cold ash" 306 odour. In the case of "wood smoke" odour, it was impossible to find a relationship with specific 307 compounds. It is likely that the sensory differences observed were not high enough to identify 308 relationships with phenolic compounds. 309
Sérot et al. (2004) have shown that the content of phenolic compounds increases with the time of 310
processing and the temperature applied but that the relative percentage of these compounds is 311 constant for a given smoking procedure and is independent of the process parameters used. In 312 order to test the hypothesis of a specific effect of the relative composition of phenolic 313 compounds on sensory properties, percentages of phenolic compounds were added as 314 supplementary variables to the PCA carried out with sensory descriptors (Fig. 4 ). This figure  315 shows correlations between odours scored by the sensory panel and the percentage of each 316 phenolic compound. On the first component, mainly defined by descriptors such as "global 317 intensity", "cold ash", "rubber" and "phenolic" odours, the best correlation with these criteria is 318 observed with the compounds o-cresol, phenol and 4-ethyl guaiacol. In contrast, the sensory 319 descriptors "fat fish", "brine" and "butter", and chemical compounds syringol, isoeugenol and 320 eugenol are positively correlated with the first principal component. As for guaiacol, the work of 321 Sérot et al. (2004) showed that this compound, as well as 4-methyl guaiacol, was identified as 322 the main phenolic compound whatever the process and contributed to the discrimination of 323 processes. However, this molecule does not seem related to a specific odour (Fig. 4) and does not 324 allow the samples map to be explained (Fig. 2) .
R e v i e w C o p y
15 Now, with the knowledge of the phenolic compound distribution and the correlation with 326 sensory descriptors, is it possible to propose a hypothesis about the sensory differences observed 327 between samples in Fig. 2 and not predicted by the total phenolic compounds? The case of 328 sample L32 for example is interesting. This product received a lower score for "global intensity" 329 and "cold ash" odour compared to AT products and a high score for "phenolic" odour. We can 330 suppose that its higher phenol percentage (Fig. 2 and Fig. 4) is one of the possible explanations. 331
Indeed, phenol is a compound with a high perception threshold, which could therefore have a 332 lower contribution to smoke odour. Moreover, samples smoked with condensate vaporisation (L) 333 have been described by the specific characteristics "earthy" and "vegetable", which suggests that 334 other volatile compounds are involved in the perception, not only phenolic compounds. These 335 molecules may contribute by adding more aromatic and complex odours but have less effect on 336 smoke odour. 337
In the case of FT samples, and especially FT 32-3, a rather low global intensity is found in spite 338 of its quantity of phenolic compounds. Guaiacol, 4-methyl guaiacol and propyl guaiacol do not 339 discriminate this sample from AT samples but these latter products have higher percentages of 340 phenol and o-cresol. However, if the hypothesis of a small effect of phenol in smoke odour is 341 suggested for samples smoked with vaporisation of condensates, it is difficult to find a contrary 342 effect with AT samples. On the other hand, o-cresol has previously been identified as a 343 compound with a significant effect on the relation between "cold ash" odour and phenolic 344 compounds. This molecule could play an important role in explaining the observed differences. 345
Regarding FT samples, the low global intensity observed in spite of a high percentage of eugenol 346 could also be explained by interaction of this compound with proteins. Indeed, a recent study 347 Regarding samples smoked in our current conditions using the electrostatic method, the very low 361 level of phenolic compounds deposited is probably the main reason for the low perception of 362 smoked odour. Ruiter (1979) and Sirami (1981) indicated that the electrostatic field modifies the 363 smoke compound ratio in the vapour phase, mainly by increasing the level of carbonyl 364 compounds to the detriment of phenolic compounds. Figures 4 and 2 show that syringol, 365 isoeugenol and eugenol have the strongest correlation with "fat fish", "brine", and "butter" and 366 constitute the main fraction of phenolic compounds in electrostatic samples. Thus, we can 367 suppose that these compounds do not have a great impact on sample odour, for the quantity 368 deposited. The comparison of the phenolic compound profile of the two AE samples treated with 369 two different voltages does not lead to a possible explanation of the characteristics, lightly 370 "butter", "caramel" and "wood fire", detected in the AE sample when a voltage of 42 kV is 371 applied. This shows the difficulty of finding relations between sensory perception and chemical 372 compounds, especially when only one class of compounds has been followed. 373
However, the results of our study, through the comparison of extreme products, electrostatic 374 samples and autocombustion/traditional samples, tend to confirm the importance of phenolic 375 compounds in smoke perception. They show that some of the 10 compounds analysed determine, 376 to a certain extent, the smoked characteristics of products, even if other molecules can also 377 modulate their perception. 378
379

Conclusion 380
This study has confirmed, through the large range of smoked products investigated, the strong 381 effect of smoking conditions on final odour characteristics. These results also indicate to 382 processors the possibility of adapting smoked characteristics to consumer demand. 383
Products smoked with our current electrostatic process, regardless of the kind of generator, have 384 low smoked characteristics and mainly "fat fish" and "brine" notes but recent results show that 385 some modifications of the equipment could improve smoke deposition. The kind of smoke 386 generator used leads to products not only with different global odour intensities but also different 387 smoke characteristics. The efficiency of the generator with sawdust pyrolysis is observed, 388 especially for the traditional process of smoke deposition since the temperature is high. A 389 general trend is observed about the effect of smoking temperature. The global odour intensity 390 generally increases with the temperature applied in the smokehouse. This is true for both the 391 friction generator and the autocombustion generator. In the latter case, the interactions effect 574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593 
